Epoxy resin (ER) is an attractive material for metal protection against corrosion; it can form a strongly adhered film onto a metal surface through its multi coordination sites. In this study, an epoxy resin-based formulation was designed, prepared, and applied onto steel surface with and without a pigment. The anticorrosive formulation (ER-MDA-ZP) was prepared from the ER and the hardener 4,4′-methylene dianiline (MDA) in the presence of the anticorrosive pigment zinc phosphate (ZP). A second standard formulation (ER-MDA) was prepared without ZP. The epoxy and the hardener react to form a 3D cross-linked polymeric network with multicoordination sites (hydroxyl and amino groups) for metals. The characterization of the epoxy resin was performed using Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance ( 1 H and 31 P NMR). Both samples exhibited excellent thermal properties as they subjected to thermal analysis using differential scanning calorimetry. The ER-MDA-ZP formulation showed a higher glass transition temperature (T g ) than ER-MDA. The coated steel specimens were immersed for 1 h in a 3 wt% NaCl solution and their anticorrosive properties were monitored by electrochemical impedance spectroscopy (EIS). The total resistance (R t ) values obtained by the EIS method for the ER-MDA and ER-MDA-ZP formulations were 21,383 Ω cm 2 and 55,143 Ω cm 2 , respectively. The coated steel samples after the acid treatment were subjected to aging by exposing them to a UV light for 2000 h. The aging caused the R t values to drop to 1621 Ω cm 2 and 7264 Ω cm 2 , respectively. The results indicate the formation of a highly stable film of ER-MDA-ZP formulation on the steel surface that withstands an accelerated corrosive environment of 2000 h exposure to UV light and 1 h of immersion in a 3 wt% NaCl.
Introduction
Organic-based materials with metal adhesion properties are widely used as metal anticorrosive agents in many industries include aeronautics, automobiles, architecture, ships, and oil tanks [1] . They are usually applied on the metal surface as a thin film, thus preventing the corrosive agents from reaching the metal surface [2] . Epoxy resin-based materials are among the most widely organic-based materials, since they have unique properties and versatility [3] . Epoxy resins have outstanding thermal stability, tensile strength, and superior thermal adhesion, mechanical and anticorrosive characteristics in addition to their exceptional surface properties like low shrinkage, ease of cure and high moisture, solvent and chemical resistance, and excellent adhesion performance [4] . Unfortunately, most of the reported epoxy formulations are based on conventional diglycidyl ether of bisphenol-A (DGEBA) and novolac epoxy resins which are carcinogenic and toxic.
Anticorrosion pigments are usually included in epoxy formation to enhance its stability and performance, the most widely used pigment in the epoxy coatings chromate-based materials. However, due to environmental concerns, the use of the chromate-based pigments was very limited. Currently, there is a great interest in a new generation of anticorrosive pigments that are environmentally friendly and have high efficiency to replace the chromate-based pigments [5, 6] . Zinc phosphate was suggested as a replacement for zinc chromate. The toxicity of zinc phosphate is 50 times less than zinc chromates [7] . Pigments based on phosphates have been reported so far by several scientific groups and showed a high tendency to enhance the anticorrosion performance of the organic coating and its adhesion to steel substrate [8, 9] .
The toxicity and possible carcinogenicity of the current formulation has motivated us to offer a new formulation based on new nontoxic epoxy resin for metal protection in the aggressive marine corrosive environment.
In this work, a new formulation that is a combination of epoxy resin hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide (ER) and curing agent a 4,4′-methylene dianiline (MDA) containing the anticorrosive protective pigment zinc phosphate was developed. The combination of these three materials produced a steel coating that can endure aggressive marine environment where UV is very intense, and the humidity and salts are high [10] .
The anticorrosion property of the formulation was monitored by the electrochemical impedance spectroscopy (EIS); the obtained data were used to assess the coating performance.
Experimental

Materials and methods
All reagents and solvents used in this work like 4,4′-ethylene dianiline (EDA), phosphorus oxychloride (POCl 3 ), epichlorohydrin, triethylamine, ethanol, 4,4′-methylene dianiline (MDA), and zinc phosphate (ZP) were from Aldrich chemical company and used as they received.
Infrared (IR) spectra were registered on a Bruker Fourier transform infrared (FTIR) using the FTIR-attenuated total reflection technique. The following parameters were used: resolution 4 cm −1 , spectral range 400-4000 cm −1 , and number of scans 128.
The 1 H and 31 P NMR were recorded on a 300 MHz Bruker Avance spectrometer using deuterated dimethyl sulfoxide (DMSO-d 6 ) as the solvent with tetramethylsilane (TMS) as a reference.
The calorimetric analysis was performed using a Shimadzu differential scanning calorimeter (DSC-60). The experiments were carried out under a constant flow of nitrogen using aluminum pans at a heating rate of 20 °C min −1 for a temperature range from 20 to 300 °C.
The composition of steel samples used in this study is given in Table 1 , and the physical and chemical properties of the Zinc phosphate (ZP) are given in Table 2 .
Synthesis of hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide (ER)
To a two-necked round bottom flask, fitted with a condenser, a magnet bar was added 10.0 g of 4,4′-ethylene dianiline (5 × 10 −2 mol) flowed by a dropwise addition of a 2.5 g of phosphorus trichloride. The resulting mixture was stirred for 3 days at room temperature. Then, 9.0 g of epichlorohydrin was added at once. The reaction mixture temperature was raised to 80 °C and maintained at this temperature for 4 h. The reaction mixture was then cooled down to 40 °C and to it was added 10.0 g of triethylamine.
The reaction was stirred for 3 h, and then, the solvent and the excess epichlorohydrin were removed under reduced pressure using a rotary evaporator. The residue was very viscous with a yellow color (73% yield).
Epoxy resin-coating formulation
Two epoxy resin for mulations ER-MDA and ER-MDA-ZP were prepared by mixing a stoichiometric amount of MDA hardener and epoxy resin (ER) without and with the zinc phosphate pigment. First, the zinc phosphate pigment was added to the epoxy resin (ER) at a concentration of 5 wt%. Then, a stoichiometric amount of MDA hardener was added to the mixture. Isopropyl alcohol was used as a diluent. A schematic diagram of the preparation epoxy formulation is shown in Fig. 1 . The two formulations were applied onto specimens of carbon steel by a film applicator. The surface of all steel specimens was sanded using sandpaper 600, 800, and 1200 grit, and then decreased with ethanol before coating. Coated steel samples were placed in 70 °C oven for 4 h under vacuum to complete curing and removal of the solvent. The thickness of dry coatings (170 ± 10 μm) was measured by a digital-coating thickness gage (Layercheck 750 USB FN). The thickness of the three specimens from each series was measured to check the reproducibility.
Coating evaluation under accelerated exposure conditions
The coating evaluation under accelerated exposure conditions was carried out by exposing the coated specimens to UV radiation. Commercial UV-A lamps (center wavelength of radiation 340 nm) were used for this purpose. The UV radiation with a power density of 50 mW cm −2 was applied. The aging temperature was regulated at 30 °C in the presence of oxygen (at room temperature range between 293 and 303 K). All samples were exposed to UV radiation for 2000 h with a geometric area of 1 cm 2 .
Electrochemical impedance spectroscopy analysis
Electrochemical impedance spectroscopy measurements were carried out using a Potentiostat PS 200. The measurements were carried out in a 3 wt% NaCl solution at room temperature. A three-electrode setup was used, consisting of a saturated calomel electrode (SCE), as a reference (RE), a Pt ring as the counter electrode (CE), and pieces cut from the coated carbon steel samples with a geometric area of 1 cm 2 as the working electrode (WE). All measurements were carried out at the open-circuit potential (OCP), using 10 mV amplitude of the sinusoidal voltage, over a frequency range of 100 kHz-10 MHz. The experimental data were analyzed and fitted with EC-Lab.
Results and discussion
Synthesis of the epoxy resin hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide (ER)
Preparation of the epoxy resin hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide (ER) was carried out as shown in Fig. 2 . As shown in Fig. 2, 4 ,4′-ethylene dianiline was first reacted with phosphorus trichloride (POCl 3 ) to produce phosphoric triamide. Treatment of phosphoric triamide with epichlorohydrin and then triethylamine produces the target product [11] .
Hardening of hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide
The reaction of epoxy resin with the curing agent such as a polyamine compound is known as a hardening process. The hardening process usually initiated with heat and then become spontaneous and exothermic [12, 13] . The curing agent chosen for this work is 4,4′-methylene dianiline (MDA) (Fig. 3) ; it was chosen, because it has an aromatic moiety, which provides a very good thermal stability and good mechanical integrity to the resin [14] . A representative scheme showing the reaction between the epoxide EP and the diamine MDA is shown in Fig. 4 . As shown in Fig. 4 , as the polymerization process is initiated by a nucleophilic attack of an amine on the epoxy ring, the propagation stage then follows, which leads to the formation of a three-dimensional polymer, as shown in Fig. 5 [15, 16] .
Mixing of the epoxy resin with the hardener prior to crosslinking is performed differently depending on the hardening agent used. With the methylene dianiline (MDA), the protocol reported in the literature [16] is that methylene dianiline is placed in an oven at 120 °C (above its melting point), while the resin is heated to 60 °C. The two reagents while, in the liquid phase, are mixed and cured at 70 °C. In other reported process, an excess amount of epichlorohydrin was used as a reagent and solvent. Since it is a carcinogenic material, in this work, it was replaced with isopropyl alcohol as a solvent.
Zinc phosphate was also included in the coating to enhance the corrosion resistance [17] .
Epoxy resin and coating formulation analysis
FTIR of ER and cured epoxy resin ER-MDA
The obtained ATR-FTIR spectrum of the phosphoruscontaining epoxy resin is shown in Fig. 6 . The spectrum shows several characteristics of bands. Two bands appear at 930 cm −1 corresponding to the vibration of the oxirane ring [18] . Two bands also appear at 1060 cm −1 and 1260 cm −1 which correspond to the asymmetric vibrations of P-N group [19] . The two peaks at 1207 cm −1 and 1020 cm −1 are corresponding to (P=O) of phosphate compounds [20, 21] . A symmetric vibration band at 1191 cm −1 could be attributed to the NP(O)N 2 group [18] . Other peaks at 1360 cm −1 , 1450 cm −1 , and 1510 cm −1 are corresponding to the N-H vibration [22] . A broad peak appears at 3300 cm −1 which could be related to residual OH. The band at 1611 cm −1 could be attributed to C=C aromatic of the aromatic ring [23] . The multiple weak bands appear between 2840 and 2910 cm −1 are characteristic bands of C-H vibrations [23] . The ATR-FTIR spectrum of hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide cured with methylene dianiline on the steel surface is shown in Fig. 6 . The characteristic absorption peaks shown in the spectrum are as follows: 998 cm −1 , 1019 cm −1 , and 1091 cm −1 corresponding to the asymmetric vibrations of P-N-C group; 1184 cm −1 peak is corresponding to P=O stretching which is characteristic of phosphate compounds; the peak at 1226 cm −1 is corresponding to C-N vibrations; 1393 cm −1 , 1450 cm −1 , and 1510 cm −1 peaks are related to the amines stretching (ν N-H ); the peak at 3300 cm −1 could be related to the residual OH groups; the band at 1611 cm −1 is related C=C of the aromatic ring and the band at 2840 cm −1 is a characteristic of C-H-trenching vibrations.
NMR analysis
The ER structure was confirmed by the 1 H and 31 P. NMR spectra are shown in Fig. 7 
Thermal analysis
Thermal analysis was carried out using DSC. The DSC is often used to characterize the polymers thermal transition from the glass transition temperature (T g ) measurement. A simplistic view of a material's glass transition is the temperature below which molecules has low mobility, so polymers are rigid and brittle below their T g .
The DSC' results corresponding to ER-MDA and ER-MDA-ZP are shown in Fig. 8 .
The T g values shown in the thermograms ranged from 100 and 160 °C. The MDA-cured ER epoxy system displayed a T g value of about 118.74 °C. However, the T g value increased to 151.22 °C in the presence of 5 wt% of zinc phosphate, the increase in T g could be attributed to the effect of the ZP particles on the polymer matrix, which would decrease polymer chain mobility by forming physical crosslinks between polymer chains and thus increases is thermal properties [24] . This is a very interesting result from an industrial point of view, because high T g values are frequently requested to fulfill some of the main industrial requirements of structural materials in several fields (aeronautics, marine industry, etc.).
Corrosion resistance of the coatings
The EIS is a proper approach for gaining an insight into the coatings corrosion resistance in the different corrosive environment [25, 26] . Therefore, it was used to study the behaviors of the carbon steel samples coated with epoxy at room temperature.
The coating resistance (R coat ) and charge transfer resistance (R ct ) of the coated carbon steel electrodes were obtained by fitting the equivalent circuit to the analysis data in a software.
The Bode plots of the epoxy coated steel samples are shown in Fig. 9 , which obtained after 2000 h of exposure to UV and 1 h of immersion in 3 wt% NaCl. The evaluation was carried out by measuring the impedance modulus.
The impedance modulus at low frequency (Z f = 0.01 Hz) is an important parameter to detect the anticorrosive protection properties of the coatings.
For the ER-MDA coating, the impedance modulus at Z f = 0.01 Hz was 1.744 × 10 4 Ω cm 2 after 1 h of immersion The results suggest that the ER-MDA-ZP coating provides an excellent corrosion resistance performance to carbon steel. Therefore, the presence of the zinc phosphate improved the performance of the epoxy coating by enhancing its stability and its barrier properties against the salts diffusion towards the metal/coating interface [27] .
Quantitative analysis of the protective properties of the ER-MDA and ER-MDA-ZP coatings was performed by fitting the EIS curves with the equivalent electric circuit displayed in Fig. 10 .
In the circuit, the electrolyte resistance (R s ), coating resistance (R coat ), and charge transfer resistance (R ct ) of corrosion reaction on the steel substrate were calculated. In addition to the coating capacitance (C coat ) and double-layer (steel/solution) capacitance (C dl ) [28] , the total resistance (R t ) was calculated according to the values of charge transfer resistance and coating resistance (R t = R ct + R coat − R s ). The coating capacitance values (C coat and C dl ) are calculated using Eq. (1) [29] :
where C represents the capacity, CPE is a nonideal capacity (commonly named constant phase element), R is resistance, and n is a capacity factor. The electrochemical parameters values are given in Table 3 . The Nyquist plots of the ER-MDA and ER-MDA-ZP coatings after 2000 h UV exposure and 1 h of immersion in 3 wt% NaCl are shown in Fig. 11 .
The values of electrochemical impedance resulting from the epoxy coatings after 2000 h UV exposure and after 1 h of immersion in 3 wt% NaCl are summarized in Table 3 .
The data presented in Fig. 12 are the total resistance (R t ) for the two epoxy coatings after 2000 h UV exposure and 1 h of immersion in 3 wt% NaCl.
The notable effect on the performance of the ER-MDA coating is clearly observed. On the other hand, the ER-MDA-ZP coating provided a better corrosion protection efficiency for carbon steels.
The diffusion of electrolytes into the ER-MDA coating, which is controlled by the crosslinking density and type of crosslinking functionalities (polar or nonpolar), could cause a decrease in the barrier efficiency. The drop in the efficiency usually starts with the formation of microholes and defects in the film, causing the coating to fail as a barrier. The ER-MDA-coating degradation after 2000 h of exposure to UV led to a drastic drop in the resistance of the coating. As a result of that, the corrosive agent was able to diffuse into the metal/coating interface, causing a sharp drop in the impedance of the coating. From the results, we could conclude that the existence of ZP facilitated the formation of a passivating phosphate layer between the steel substrates and the coating matrix, while the well-dispersed zinc phosphate acted as an excellent barrier that prevents the diffusion of electrolytes through the coating to steel surface [30] .
EIS characteristics of coatings after UV exposure
The EIS results approved the mechanism proposed for preventing the degradation of the coating under UV exposure for two the matrices of ER-MDA and ER-MDA-ZP coatings (Fig. 13) .
By increasing the exposure time up to 2000 h, some variations were observed in the resistances of the ER-MDA and ER-MDA-ZP coatings, showing that the rate of degradation by UV radiation was increased and the resistance of both coatings decreased by 7 and 13 times, respectively, after 2000 h of exposure to UV and 1 h of immersion in 3 wt% NaCl, as shown in Figs. 9 and 11 .
After 2000 h of exposure to UV and the samples are submerged in the corrosive media, microcracks developed in the coating that allowed the electrolyte to diffuse towards the interface of metal/coating. Penetration of the electrolyte led to decreasing of the ER-MDA-coating impedance. With increasing immersion time, the microcracks were filled with the 3 wt% NaCl solution. After 1 h of immersion, the corrosion products, such as rust, fill microcracks temporarily. However, probably due to the presence of the ZP in its matrix, the ER-MDA-ZP coating showed a limited degradation. ZP seems to prevent the propagation of the microcracks, thus preventing the electrolytes from reaching the metal/coating interface. In addition, it could be that the ZP adds to the coating selfrepair properties.
For this reason, the impedance of the ER-MDA-ZP coating after 2000 h UV exposure and 1 h immersion in corrosive media was higher than that for ER-MDA coating.
Conclusions
In this study, the suitability of epoxy resin as an anticorrosive protection material for steel was evaluated. Two coating formulations were prepared, applied onto steel, and evaluated. The epoxy used for this purpose was hexaglycidyl tris (p-ethylene dianiline) phosphoric triamide (ER), it was synthesized at the laboratory, and its structural characterization was carried out by FTIR and NMR ( 1 H and 31 P). The first . Samples of steels coated with both formulas were evaluated in a NaCl (3 wt%) solution; accelerated weather testing was performed by exposure to UV. The protection efficiency of standard epoxy coating decreased after 2000 h of exposure to UV. However, the epoxy coating-containing ZP showed a much lower rate of degradation after exposure to UV, which could be related to the presence of zinc phosphate. The presence of ZP enhanced the protective effect of the coating and reduced the corrosive effect of the medium on the carbon steel. The results were proved by EIS study.
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